Abstract-The aim of this paper was to evaluate the performance of the General Electric eXplore 120 micro-CT regarding image quality and delivered dose of several protocols. Image quality (resolution, linearity, uniformity, and geometric accuracy) was assessed using the vmCT phantom developed for the GE eXplore Ultra, the QRM low contrast, and the QRM Bar Pattern Phantom. All dose measurements were performed using a mobileMOSFET dose verification system, and the and the multiple-scan average dose (MSAD) were determined with a custom-built PMMA phantom. Additionally, in vivo scans in sacrificed rats with different weights were acquired to assess dose, contrast, and resolution variation due to X-ray absorption in surrounding tissue. The spatial resolution was determined as between 95 and 138 m with a geometric accuracy of 0.1%. The system has a highly linear response to the iodine concentrations (0.937-30 mg/ml) for all protocols. The calculated ranged from 20.15 to 56.79 mGy, and the MSAD from 27.98 to 77.45 mGy. The results were confirmed by in vivo scans in rats with different weights, and no impact of body weight on delivered dose could be observed. However, body weight had a slight impact on image contrast and resolution.
I. INTRODUCTION
M ICRO-COMPUTED tomography (micro-CT) is a scaled-down CT-imaging modality for small animals. Increased interest in in vivo preclinical imaging has promoted huge technical developments, making micro-CT a useful tool to study tissue morphology and disease status in small animals such as rodents. Most of the current micro-CT scanners provide a set of scanning protocols designed to meet the image quality requirements for particular study types, such as characterization of bone structure and density in osteoporosis and osteoarthritis, study of microvasculature anatomy, and tumor or tissue visualization [1] , [2] . These protocols mainly differ in tube voltage and current, exposure time, binning of the detector elements, and the number of projections. In order to reach the high resolution (typically 50-100 m) needed when imaging small animals, the X-ray dose delivered must be high compared to clinical scanners in order to improve signal-to-noise ratio, which is achieved by increasing the tube current and the exposure time per projection [3] . Since longitudinal studies, often combined with other ionizing imaging modalities like positron emission tomography or single photon emission tomography, are increasingly used in preclinical imaging [4] , [5] , it is important to quantify the radiation delivered to the animals to rule out any influence of the irradiation on the outcome of the study [6] . A dose of 6 Gy is considered lethal to a mouse [7] , however some studies report that even low doses can affect protein expressions [8] and alter signal transduction of neurons in mouse hypothalamus [9] . On the other hand, a study conducted by Detombe et al. found no radiation-induced effects on pulmonary or myocardial tissue for a cumulative entrance dose of 5.04 Gy over six weeks [10] .
The aim of the present paper was to evaluate the performance of the General Electric (GE) eXplore 120 micro-CT regarding image quality and resulting X-ray dose for various protocols to provide support in choosing the appropriate protocol to meet requirements of a study type. Image quality was assessed using the same methodology and image quality assurance vmCT phantom developed by Du [11] for the GE eXplore Ultra. The Quality Assurance in Radiology and Medicine (QRM) low contrast [12] and Bar Pattern phantoms [13] were also used to assess the contrast and resolution. The dose delivered by the protocols that are used for live animal scans, which were also part of the performance evaluation, was quantified by measuring dose profiles and computing the CT dose index (CTDI), which is routinely used in clinics [14] and has been shown to be a promising parameter for quality assurance and dose assessment in micro-CT [15] . The multiple-scan average dose (MSAD) was computed, and it was, along with the CTDI, compared to experimentally obtained in vivo dosimetry data in rats. Weight and size of the rats were varied in order to investigate dose deviations due to body weight. Additionally, the QRM Bar Pattern phantom was used to evaluate resolution degradation due to X-ray absorption in rats with different weights.
II. MATERIALS AND METHODS

A. Micro-CT
The eXplore CT 120 is the latest generation micro-CT from General Electric (GE Healthcare, Amersham, U.K. /GammaMedica, Northridge, CA, USA). The scanner is 0018-9499 © 2013 IEEE equipped with a mammography X-ray tube and a CCD detector, fiber-optically coupled to a phosphor screen, designed for high-resolution (80 m resolution as stated by the manufacturer) and rapid high-contrast scanning in small animals. The X-ray source is a high-power rotating-anode tube with 5 kW peak source power and a focal spot of 300 m and is able to provide tube voltages between 70-120 kVp with a typical current range from 20 to 50 mA. The only filtration used is the inherent filtration of the tube housing (equivalent to about 1.5 mm Al). The CCD detector consists of 3500 2300 pixel elements covering an active area of 110 75 mm . The source and the detector, positioned opposite to each other at a fixed distance of 450 mm, rotate on a gantry around a fixed carbon fiber bed. Two beds were designed to cater for mouse (25 mm width) and rat (75 mm width). The maximum axial field of view (FOV) per rotation is 55 mm with a transaxial length of 85 mm. With overlapping FOVs and stitching of images, a maximum axial scan length of 250 mm can be achieved [16] . The system operates with three different detector binning modes (1 1, 2 2, and 4 4). No scatter or beam hardening correction is implemented for the eXplore 120. Feldkamp's filtered backprojection algorithm [17] is used to reconstruct a 3-D volume image. The image matrix size and the isotropic voxel size (25/50/100 m) depend on the selected number of FOVs and the binning mode.
B. Phantoms
The design of the vmCT phantom ( Fig. 1 ) and the associated methodology are fully described by Du et al. [11] and Bahri et al. [16] . Briefly, the vmCT is a single phantom consisting of six separate modular sections (resolution coils, slanted edge, geometric accuracy, CT number evaluation, linearity, and uniformity and noise) each designed to evaluate one aspect of image quality. The sections are held together inside an acrylic tube (inner diameter: 63 mm; outer diameter: 70 mm; length: 54 mm). The phantom fits within the scanners' field of view, allowing all quantitative information to be obtained from a single scan.
The QRM low-contrast phantom is a resin cylinder (diameter: 32 mm; length: 40 mm). It contains small cylindrical inserts (diameters: 1 and 2.5 mm; length: 40 mm) at a specified low contrast with respect to the background. The contrast-to-noise ratio was measured for the four inserts. The QRM Bar Pattern phantom [13] , which consists of two silicon chips containing bar and point patterns of 5-150 m in diameter/line thickness embedded in resin, was used to visually evaluate the spatial resolution and is displayed in Fig. 2 [18] . For dosimetry measurements, a cylindrical poly(methyl methacrylate) (PMMA; the most widely used material for phantoms in dosimetry for CT [15] , [19] , [20] ) phantom was custom made. It was 200 mm in length with a diameter of 50 mm and had nine longitudinal boreholes with a diameter of 3 mm, of which eight were radially distributed (every 45 ) at distances of 12.5 mm around the center hole as can be seen in Fig. 3 . The diameter of 50 mm was chosen to represent a standard rat as in the NEMA NU42-2008 rat-like phantom. For ease of manufacturing, the whole phantom was split into 4 50-mm parts, which were connected with two PMMA pins at each interface to prevent any movement as displayed in Fig. 3 [21] .
C. Measurements
Six standard scanning protocols regularly used in our laboratory (Table I) were studied using the three image quality phantoms (vmCT and QRM). A set of bright-and dark-field images were collected for each scan to correct for individual detector gain and offset in the raw projection data. Projections were reconstructed into 3-D volume images with a voxel size of m . Resolution section data from the vmCT phantom were also reconstructed with a voxel size of m for protocols P3, P5, and P6. These three protocols have a detector-binning mode of 2 2, which allows reconstruction of the projections at either 50 or 100 m. The data acquired with the other protocols were recorded with the 4 4 detector-binning mode and could only be reconstructed with the largest voxel size. Data analysis was performed using PMOD software, version 3.3 (PMOD Technologies Ltd., Zurich, Switzerland), and MATLAB software, version 7.7 (http://www.mathworks. com).
1) Spatial Resolution:
The spatial resolution was evaluated qualitatively and quantitatively by computing the modulation transfer function (MTF) from the coil and slanted edge section [see Fig. 1 (a) and (b)] of the vmCT phantom as described by Du et al. [11] . The MTF is calculated for each aluminum coil by the standard deviation (SD) inside regions of interest (ROIs) placed on the coil, which is corrected by the SD inside the uniform region of the phantom, and the mean absolute difference CT values of aluminum and plastic. From averaged slices and therefore a noise reduced image of the slanted edge, an edge spread function (ESF) was generated, which is the integral of the line spread function (LSF). Calculating the modulus of the Fourier transform of the LSF gives the presampled MTF of the detector [16] .
2) Geometric Accuracy: In the geometric accuracy section of the vmCT phantom [ Fig. 1(c) ], four beads were positioned at 35 mm distance in an ideal square, with one additional in the center (24.75 mm from every other). Distance in number of pixels between the centers of the beads was measured, and the true physical pixel size was calculated by dividing the known distance by numbers of pixels. The axial pixel spacing was measured on the image of the geometric accuracy section, removed from the phantom and scanned with its diameter toward the axial direction.
3) Linearity: The linearity of the system was determined by linear regression of the relation between signal intensity and iodine concentration (0.9375, 1.875, 3.75, 7.5, 15, and 30 mg/mL) inside vials placed in the vmCT phantom.
4) CT Number: Measured CT numbers for air and eight different materials (cortical bone-equivalent tissue-mimic, a silicone-based vascular contrast compound, polytetrafluoroethylene, high-density polyethylene, fat-mimicking epoxy resin, muscle-mimicking epoxy resin, polymethyl methacrylate plastic, and water-equivalent epoxy resin) were compared to the protocol specific values provided by the manufacturer. For details on materials, see [11] . 5) Uniformity: The variation of the signal intensity and the average SD of a central and four peripheral ROIs in the uniform region of the vmCT phantom was assessed. The uniformity-tonoise ratio was calculated by dividing the average difference in signal intensity from center to periphery and the average SD noise.
6) Dosimetry: All dosimetric measurements [only for protocols used for live animal scans: P1 to P4 (Table I) ] were carried out with a mobileMOSFET Dose Verification System (Best Medical Canada, Canada) with standard-sensitivity MOSFET sensors (14 mV/cGy for 40-120 kVp, isotropic response with over 360 ) and calibration factors provided by the manufacturer. At each of the nine transaxial positions of the phantom (Fig. 3) , the dose was measured (center , other ) from to mm longitudinally around the center of an axial scan to be able to calculate the . Between to mm and 20 to 50 mm, measurements were made every 5 mm, whereas between 20 and 20 mm around the scan center, the dose was measured every 2.5 mm. The phantom remained fixed throughout all measurements on the microCT bed; only the bed was moved in axial direction with respect to the gantry. Using the axial dose profiles obtained, the [15] [19] [20] was computed as follows:
where equals the axial dose profile along the scanner axis .
is defined in clinical scanners as the nominal beamwidth at the axis of rotation with as the number of simultaneously acquired slices and the width of each slice [15] . The acquired FOV for a single acquisition is 55 mm for the eXplore 120, which was set equal to the nominal beamwidth. The mAs was computed based on the central dose profile.
The experimentally acquired center dose profiles were used to construct theoretical dose profiles for multiple field-of-view (mFOV) scans for all protocols. When mFOVs are acquired with the eXplore 120, an overlap of 15 mm exist between each single field of view (sFOV), which is used to stitch images together after reconstruction. Therefore, the first and the last sFOV have an overlap region of 15 mm, and the inner sFOVs a total overlap region of 30 mm. The MSAD was computed for all protocols used for dosimetry, which represents the average dose over one scan interval ( ) in the central portion of a multiple-scan ( ) dose profile. It was computed from the theoretically constructed mFOV dose profiles as follows [20] :
The center scan interval has a width of 55 mm, and the number of acquired sFOV assumed was five (total scan length of 155 mm) [21] . The dose length product (DLP) was not provided, as it is a more appropriate unit for clinical systems that do not acquire sFOVs with an overlap to obtain an mFOV scan.
D. In Vivo Measurements
To quantify the in vivo X-ray dose delivered to animals, the MOSFET sensors were placed in three sacrificed rats of 272, 415, and 610 g body weight. All animals were part of other studies, which were reviewed and approved by the Institutional Animal Care and Use Committee of the University of Liège, Liège, Belgium, and were sacrificed after completion of the studies. The weight was varied to show the variation of the delivered dose due to attenuation inside matter. Four MOSFET sensors were placed inside the skull, chest cavity, abdomen (intestines), and the anal cavity above the testes as illustrated in Fig. 4 .
Each location of the sensors was scanned twice as an sFOV in each animal with the four protocols used for the phantom dosimetry scan. For each protocol and each animal, an mFOV scan covering all sensors was acquired to assess the increase of dose in mFOV scans. Additionally, after conducting the dosimetry evaluation, the QRM Bar Pattern phantom was inserted into the abdomen of each animal. An sFOV scan was acquired centered on the phantom with the same four protocols to visually inspect the impact of scatter and reduced X-ray transmitted intensity onto the image contrast and resolution in vivo.
III. RESULTS
A. Spatial Resolution
The MTF of the system was determined over a frequency range from 0 to 6 mm based on the analysis of the reconstructed images of the coil and slanted edge sections for all protocols (Fig. 5) . The MTF obtained by the coil method agreed well with the slanted edge results. The 10% MTF for the slanted edge was in the range 3.6-4.8 mm ( ; ;
; and ), corresponding to a spatial resolution between 95 and 138 m. Due to their size, the coils did not allow assessment of the 10% MTF. The spatial resolution of the system was not measured in the -direction because the vmCT phantom was not designed for this measurement. The QRM Bar Pattern phantom confirmed the results, as the smallest visible objects were those of 100 m (the other objects in this phantom have a size above 150 m or below 50 m).
B. Geometric Accuracy
The nominal pixel spacing both in-plane and axial was within 0.1% of the manufacturer's specification. For protocol-specific nominal pixel spacing, see Table I . 
C. Linearity and CT Number
A highly linear relationship between measured CT number and iodine concentration (average ) was observed with a tube voltage dependent slope (Fig. 6) . The same behavior was also observed for the CT number evaluation section for measured versus expected CT number with an average .
D. Uniformity
The central region of the polycarbonate uniformity section always exhibited a lower CT number and a higher noise than peripheral regions. This cupping effect was masked by the noise when the images were reconstructed with the largest voxel size (100 m) except for protocols designed for low noise (P3, P5, and P6). At 50 m voxel size, the noise was greatly increased, and the uniformity-to-noise ratio decreased, emphasizing the cupping effect. The uniformity-to-noise ratios for all protocols (from reconstructed images with protocol-specific voxel size) are shown in Table II .
E. Contrast
The contrast-to-noise ratio (CNR) measured with the QRM low-contrast phantom decreased with the diameter and true contrast of the insert (Fig. 7) . The best contrast discrimination (highest CNR values) was observed for the P2 and P5 protocols.
F. Dosimetry
Axial dose profiles for all nine transaxial positions were obtained for protocols P1-P4. The dose distribution in -, -, and -direction is displayed in Fig. 8 for P1 and P2. In contrast to the 360 gantry rotation protocol P2, 192 rotation (P1) resulted in a nonhomogeneous dose distribution across transaxial positions.
The of all transaxial positions was calculated, and the central position including the transaxial average is shown in Fig. 7 . CNR plots measured for all contrast inserts and for all protocols. (RxLCn: is the diameter of the insert in millimeters, for the highest true contrast and for the lowest true contrast). Table III . The (center) per mAs of the X-ray tube was also calculated for all protocols.
The dose profiles of the transaxial center position for all assessed protocols are shown in Fig. 9(a) . Collimation of the beam was observed at 35 to 45 mm along the -axis around the center of the scan.
In Fig. 9(b) , the theoretically obtained mFOV scan dose (5 sFOVs) profiles at the center of the dosimetry phantom are displayed. Each image plane is marked by vertical lines and horizontal arrows. Overlap between images for stitching of reconstructed images was taken into account, and the falling edges outside of the imaging field of view are displayed.
In Table IV , the calculated MSAD of mFOV scans using theoretically obtained mFOV scan dose profiles is shown. Peak values are included for comparison to in vivo whole-body scan data in rats.
G. In Vivo Dosimetry
The averaged measured in vivo dose for all protocols for sFOV and mFOV scans is shown in Fig. 10 . Doses for specific protocols were averaged across sensor position for each rat as the position did not impact significantly on the measured dose. The for sFOV measurements and the MSAD for mFOV measurements were added for comparison.
Standard deviations for mFOV measurements proved to be higher due to a less homogenous dose profile along the -axis. Overbeaming resulted in a difference between CTDI, MSAD, and the respective point in vivo measurements.
H. In Vivo Bar Pattern Phantom
In Fig. 11 , exemplary in vivo images using P2 [ Fig. 11 Fig. 11(a) and (c)] and rat 3 [ Fig. 11(b) and (d) ]. For comparison, an image acquired using P3 of the phantom in air is provided [ Fig. 11(e) ]. When using P2, in vivo line structures below 150 m cannot be resolved independently of the amount Fig. 11 . In vivo bar pattern scan of (a) rat 1 using P2, (b) rat 3 using P2, (c) rat 1 using P3, and (d) rat 3 using P3, and (e) ex vivo in air using P3; all images from 500 to 2000 HU.
of attenuating tissue surrounding. In the images acquired with P3, which uses a higher tube current and a longer exposure time, lines with a thickness of 100 m are visible inside the 200-g-rat scan and point structures with a diameter of 150 m in both scans. For both protocols, the amount of surrounding tissue influences the contrast between the metal plate and the rest of the phantom and therefore impacts on the calculated X-ray density of the materials.
IV. DISCUSSION
In this study, the vmCT phantom, with related performance tests, and two QRM phantoms were used to evaluate the performance of the eXplore CT 120 scanner for various scanning protocols. Image quality parameters that were evaluated using the vmCT phantom in a single acquisition per protocol included: spatial resolution, geometric accuracy, CT number evaluation, linearity, and uniformity and noise. The results calculated with the slanted edge indicate a 10% of MTF in the range 3.6-4.8 mm corresponding to effective spatial resolution between 95 and 138 m. The QRM Bar Pattern phantom confirmed these results, as the smallest visible objects were those of 100 m in ex vivo scans. The MTF values provided by the coils method at the four spatial frequencies (0.15, 0.2, 0.3, and 0.5 mm) agreed well with the slanted edge, although the values were slightly higher. The sensitivity of the slanted edge method toward the noise and orientation [16] could explain the difference in the MTF values between protocols as well as between methods.
The geometric accuracy of the system in both transaxial and axial directions was evaluated, and the nominal pixel spacing was shown to be within 0.1% for all tested protocols. The eXplore CT 120 demonstrated a highly linear response over the range of iodine solutions used. The same behavior was also observed for the CT evaluation section. The signal uniformity and noise were evaluated for all protocols. A cupping effect was observed, which is masked by noise for protocols with a voxel size of 100 m. The noise and the uniformity-to-noise ratio were voxel-size (binning mode) dependent. The high level of the noise may also explain the low values of CNR measured with the QRM low-contrast phantom. The implementation of beam-hardening corrections to improve the uniformity of the system over the entire field of view would be a valuable improvement for this system. Du et al. [11] , who used the vmCT phantom to evaluate the performance of the GE eXplore Ultra (GE Healthcare, London, ON, Canada), reported a 10% MTF of 2.5 line pairs per millimeter (equal to a resolution of 200 m). The eXplore CT120 demonstrated a better resolution.
However, the GE eXplore Ultra showed better results for signal uniformity [11] .
The was measured using a custom-built PMMA phantom with MOSFET sensors for protocols P1-P4. All calculated showed standard deviations below 3%, with the exception of two positions in the P3 for which deviations were higher (8%-11%). This may be attributed to slight positioning errors of the micro-CT bed at the falling edges of the dose profiles. This can be seen in Fig. 9(a) in the P3 data, where deviations are higher on the collimated edges of the beam. Furthermore, it was observed that the collimation of the beam had an offset of 5 mm in the positive -direction relative to the center of the axial scan. This might be the result of inaccurate calibration of the micro-CT table with respect to the detector. Since the acquired FOV (55 mm) is smaller than the collimated beam (80 mm), large overbeaming takes place, increasing the compared to the dose throughout the real beam width [as can be seen in Fig. 10(a) ]. The average dose over the full collimated beamwidth can be obtained by multiplying the , shown in Table III , with the factor of 0.6875. The P1-P3 showed a deviation of 8%-9% in the cross-sectional average . This is likely due to limitation to 192 rotation, leading to a transaxial gradient in the dose measured as can be seen in Fig. 8(a) where the dose is highest on the lower right side of the phantom. When the was analyzed per mAs, a deviation of 5% across 70-kVp protocols was found, with an average of mGy/mAs. When comparing the result to different studies using other microCT systems, it shows that the GE eXplore CT 120 delivers a comparably low dose to the animals. Willekens et al. [22] , who investigated the radiation dose of the Skyscan 1178 (SkyScan, Kontich, Belgium), measured a of 6.6 mGy/mAs in a 2.7-cm-diameter water container (at 50 kV, 615 A and 121 s image acquisition). They derived average organ doses around 400 mGy, which is approximately 10 times higher than using the GE eXplore 120. However, by decreasing resolution, scan time, and number of projections, they achieved a dose of 1.2 mGy/mAs. Hupfer [15] , using a TomoScope microCT (CT Imaging GmbH, Erlangen, Germany), reported a inside a 32-mm cylindrical phantom of approximately 2.2 mGy/mAs (40 kV, 23 mAs). Kersemans [6] , using a Bioscan nanoSPECT/CT, measured a CTDI inside a 60-mm-diameter cylindric PMMA phantom of 7.7 mGy/mAs (35 kV, 50 A, 400 ms, 180 projections) to 3.7 mGy/mAs (65 kV, 123 A, 2 s, and 360 projections). When comparing literature values of dose output, it should be noted that the size of the phantom as well as the material have an impact on the measurement. Additionally, the actual mAs used in a protocol should be considered, as it determines the resulting dose received by the scan subject.
Using the experimentally obtained dose profiles inside the center position of the PMMA phantom, the MSAD for the central image plane of a five-fields-of-view scan was theoretically computed. In comparison to an sFOV, the average dose in the center of an mFOV scan using the GE eXplore 120 is approximately doubled with steeply falling edges in the dose profile. The results were confirmed by in vivo measurements in three different rats, where sFOV scans centered on sensors in skull, chest, abdomen, and anal cavity were performed including an mFOV scan with each protocol. Although the weight of the animals varied from 272 to 602 g, little deviation of the sFOV doses could be observed. Standard deviations for mFOV scans were higher due to a less homogenous dose profile as can be seen in Fig. 9(b) , which increases the sensitivity of the measurement toward sensor placement across subjects. Due to the large overbeaming when only considering the acquired FOV of 55 mm, the and the MSAD predict a higher dose than measured in single-dose point measurements. However, when correcting the with the previously provided factor to the whole beamwidth, agreement between sFOV measurements and the is satisfactory. When visually inspecting the in vivo scans of the QRM Bar Pattern phantom inserted into the abdomen of rats with different weights, a clear impact of the amount of surrounding tissue and the different protocols can be observed on contrast and resolution. The protocol depositing more energy (P3) could confirm ex vivo results and achieve a resolution of approximately 100 m in vivo, whereas low-energy protocols (P1, P2, and P4) only can resolve structures of 150 m. However, for all low-energy protocols, the images appeared blurred. The amount of surrounding tissue decreased the contrast between the plate inside the phantom and the filling material of the phantom perceivably. Thus, a tradeoff between resolution/contrast and dose delivered must be made when planning experiments. Smaller animals seem to be more suitable for experiments where resolution/contrast is of high importance. However, if high resolution is not necessary and the contrast achieved is sufficient, low-energy protocols should be used for the sake of dose reduction.
In conclusion, the eXplore CT 120 achieved a mean effective spatial resolution in the range 95-138 m (10% MTF). The system was shown to be linear and geometrically accurate. The major difference between the protocols was the noise level, which limits the detectability of low contrasts. The average dose delivered by the protocols used for in vivo imaging ranged from 20.15 to 56.79 mGy for single-field-of-view scans and 27.98 to 77.45 mGy for multiple-fields-of-view scans depending on tube settings. The high dose delivered especially by protocol P3 should be taken into account when planning multimodality scans in a longitudinal setup, where radiation effects might compromise the study. However, doses delivered by the GE eXplore 120 are equal to or lower than doses of other microCT systems reported in the literature.
